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.  ABSTRACT 

For  a  fairly  broai'l  ran^e  of  certain  nondlir.enslonal  parameters  It 
is  possible  to  couple  RP  power  Incident  on  an  inhomogeneous  plasma  with 
the  resultant  beam  attenuation  appearing  as  ohmic  heating  of  the  medlurai 
The  plasma  reacts  to  this  heating  with  a  local  rise  in  temperature  and 
electron  density  which  in  turn  alters  the  pattern  of  heat  deposition, (jlncl .) 

A  closed  form  solution  has  been  obtained  for  the  plasma  response  .  . 
to  this  heat  input  using  the  WK3  solution.  With  an  initial  exponential 
distribution  of  electron  density  the  solution  predicts,  after  the 
transient  response  is  washed  out,  the  formation  of  a  plasma  shield  in 
the  fora  of  a  progressive  Invariant  wave  moving  upstream  at  constant 
velocity  toward  the  beam  source.  The  shielding  velocity  and  the  shape 
of  Che  wave  is  specified  in  terms  of  basic  plasma  parameters.- (Unci .) 


3TKADY -STATE  SHIELDK.’G  RESPOJJSE  OF  A}; 
IFJIADIATED  PLASM 


1,  n.TRODUCTICN- 

We  vish  to  Investigate  the  time  response  of  an  Inhomogeneous,  ther¬ 
mally-ionized  plasma  Irradiated  at  normal  incidence  by  a  beam  of  electro¬ 
magnetic  flux.  A  previous  study^  has  shown  the  general  features  of  the 
reaction; 

1.  the  plasma  tends  to  shield  itself  with  a'zone  of  local  electron 
concentration  which  rapidly  moves  upstream  towards  the  beam  source, 


2.  at  the  same  time  the  electron  density  gradient  of  the  shield¬ 
ing  spike  steepens,  thus  increasing  the  reflection  coefficient  of  the 
plasma  (see  Figures  1  and  2).  (Unci.) 

The  work  cited  made  use  of  time-iterated  solutions  of  Maxwell's 
wave  equation  to  obtain  a  history  of  the  energy  deposition  pattern. 
Although  this  technique  yielded  quantitative  results,  the  numerical  solu 
tlons  exacted  their  usual  price,  namely  a  loss  of  understanding  of  the 
underlying  physics.  (Unci.) 


We  present  here  an  analytic  closed  form  solution  of  the  response 
problem.  The  only  concession  is  the  use  of  the  WKB  approximation  for 
the  wave  equation.  The  report  will  specify  such  hitherto  elusive  para¬ 
meters  as  the  transient  response  time,  the  steady-state  upstream  shield 
velocity,  and  the  shape  and  slope  of  the  shield.  Although  first  order 
plasma  theory  will  be  used  throughout,  the  entire  phenomenon  .is^'E»«»- 

linear  in  character.  Maxwell's  equations  are  linear  in  the  field  vec- 

(Uncl.) 


Figure  1.  Irradiaced  Plasma  Model  (Unci . 


■  tors  if  and  only  if  th':  ".ndium  paraniaters  (pcrrr.eability ,  index  of  re¬ 
fraction,  conductivity)  arc  independent  of  time  and  position.  In  our 
model,  on  the  other ‘hand,  the  time  .variation  of  the  conductiyity,  through 
its  dependence  on  the  electron  {pfahliem,  i(iJhcl .) 

Our  procedure  is  as  follows: 

a.  Express  the  space-tine  dependence  of  the  heating  rate  using 
the  WKB  approximation. 

b.  Use  kinetic  theory  to  relate  the  heating  rate  to  the  local 
electron  growth. 

c.  Develop  the  first-order  partial  differencial  equation  which 
must  be  satisfied  by  Che  steady-state  upstream  progressive  wave. 

d.  Use  this  constraint  to  determine  the  integro-dif ferential  '  • 

equation  expressing  the  electron  density  as  a  function  of  position,  and 
implicitly  of  time. 

e.  Obtain  Che  general  solution  of  the  equation  and  Che  specifi¬ 
cation  of  the  physical  parameters.  (Unci .) 


Fig’jre  1  shcvs  cur  rodel.  A  plane  conochroratic  beam  of  radian 
frequency  cO  progressing  in  the  positive  x-direction  is  incident  normally 
on  a  plane-parallel  irdiomogeneous  plasma  (9/2>y»  h/'^z  =  0).  Ini¬ 

tially  the  plasma  is  thermally  ionized  with  the  low  degree  of  ionization 
(  ~ 10~^)  associated  with  temperatures  in  the  10^  -  10^  °K  range.  In 
the  figure  the  initial  electron  distribution  increases  exponential  to 
the  right  according  to  the  prescription 

n  =  n^  e  , 

where  n  is  the  electron  density 

°c  *  ^  °  +•^)  is  the  cutoff  density 

e^ 

and  Xe  is  the  electron  density  scaling  length.  (Unci.) 

Although  this  electron  distribution  curve  is  frequently  used 
because  of  Its  mathematical  simplicity,  the  analysis  to  follow  is  in¬ 
dependent  of  the  initial  configuration,  requiring  only  a  generally  mono- 
tonically  increasing  electron  (and  temperature)  trend. (Unci .) 

If  the  proportional  rate  of  change  of  the  optical  parameters 

of  the  medium  is  small  within  a  wavelength,  I Vkl  *>..■<.  1»  the  WKB 

k 

solution  of  the  wave  equation  is  valid.  Because  of  its  Importance  and 

own  Intrinsic  interest  we  proceed  with  a  derivation  of  the  WKB  solution 

(Unci.) 


sinpler  chan  those  cited  in  the  literature.  (Uacl.) 


The  one-di-enslonal  wave  equation  has  the  forni 


+  k^(x)E  =  0^. 

dx^ 


where  k,  the  complex  propagation  constant,  varies  with  x.  With  the  sub 
stitution  of  the  optical  depth 


d't'  =  k  dx, 

the  equation  becomes 

d^E  +  1_  iiS  +  E  =  0. 

d^  jj2  jj/j; 


Using  the  WKB  assumption  that 

i.  ^  Jjsi  Ty,  <  1. 

k^  dx  2ir  k 

we  find  using  operator  nota^tlon  that 


(d2  +  ^  ^  D  +  1)  E  =  0. 

dx 


This  yields  at  once 


D  -  -  1  ^  +  /i  /dkY 
21?  dx  '  V4i?Adxy 


**  +  I  “  I  dk 
2k^.  dx 


(Unci.) 


where  ve  have  neglected  higher  order  cerna. 


'■the  .solution  becorr.'ea’ 


E  ^  E^exp  <t  f  ikdx>  exp  (-  ^  ||  dx) 


"  TK  ^  5  k  dx) 

V  F 


(Unci.) 


To  find  the  local  heating  rate  we  use  the  dispersion  relation 
of  the  wave  equation 


■  C  <  f-  ■  ^  ) 

o  o 


where  =»  COjC,  is  the  free  space  wave  number. 


^  is  the  square  of ''the  inde.x  of  refraction,  and 


(T  is  the  plasma  conductivity. 


(Unci.) 


For  a  medium  of  high  Q,  i.e. 


1 

Q  (jje 


«  1. 


we  can  write  approximately 


k  « 


*^0 


i  g- 


-  yfi  - 


iSC 


(Unci.) 
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with  ■  ,  th':  tr.3ex  of  refraction, 

.,  the  phase  constant,  ar.-J 
'}{_  ,  the  absorption  ooafflclent. 


(Unci ,) 


Using  these  substitutions  in  the  VKB  solution  we  find  after 
soiae  algebra  that  the  local  heating  rate  is  given  by 


V  ^ 


dx 


cr  E 


2  _ 


dx 


where 


and 


-  -  (x)e 

./?  =  120  Tf  ohms  Is  the  intrinsic  impedance  of  free  space 
Fq  is  the  incident  in  vacuo  electromagnetic  flux.  (Unci.) 


The  usefulness  of  the  lOCB  approximation  lies  in  the  fact  that 
the  ohmic  heating  rate  is  directly  expressed  as  a  function  of  the  plasma 
parameters  which  may  within  limits  be  arbitrary  functions  of  position. 

It  is  not  possible  to  find  the  exact  solution  of  the  wave  equation  for 
the  propagation  constant  varying  arbitrarily  with  space.  (Unci.) 

The  WKB  solution  becomes  invalid  whenever: 

1.  the  propagation  constant  |k  |.becoraea  vanishingly  small 


and/ or 


(Unci.) 
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2v  •It  rcfjions  of  sceep  gradients  vhera,  far  a/.in,pLe,  the 
electron  density  changes  rapidly.  (Unci.) 

The'  first  condition  concerns  us  Little.  The  propagation  con¬ 
stant  is  always  finite  for  a  conducting  plasna,  having  the  minimum  value 

^in  ~  ^o 

where  is  the  collision  frequency  of  an  electron  with  neutral  particles. 
Moreover,  as  we  shall  see,  only  a  small  portion  of  the  radiation  penetrates 
to  this  depth.  (Unci.) 

The  second  restriction  is  more  stringent.  Since  the  WKB 
assumption  implies  zero  reflection,  our  numerical  result  will  be  quanti¬ 
tatively  in  error  whenever  the  electron  density  profile  no  longer  satis¬ 
fies  the  stipulation  that 

IVnI  1  .  (Unci.) 

n 
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B.  Pl-is.ryi  n_on9 tiJiuttye  Relacions 


ElectroMgnstic  theory  can  do  no  more  th-ih  to  express  the  de¬ 
pendence  of  field  quantities  on  the  optical  properties  of  the  medium. 

To  determine  the  index  of  refraction  -\J^r€.  o  or  the  conductivity 
we  must  have  recourse  to  a  constitutive  relation  or  "law"  (Ohm*s  law, 
Snell's  law,  Kirchhoff's  law)  of  an  empirical  nature  or  derived  from 
some  model. 

Thus  in  the  equation 


CrE2=Fo>{.  e 

we  must  relate  the  local  heating  rate  <5*  to  the  absorption  coeffi¬ 
cient  'll..  (Unci.) 

The  most  general  approach  would  be  via  the  Boltzmann  kinetic 
equation,  for  the  electron  velocity  distribution  function 

+  v.  7  f  Vvf  “  -s  , 

pt  m 

where  included  in  F  are  all  "action  at  a  distance"  forces  of  gravita¬ 
tional,  electrostatic,  magnetostatic  and  electromagnetic  origin  while  S, 
the  collision  integral,  represents  the  effects  of  contact  forces.  The 
collision  integral  can  be  written  as  the  sum 


S  - 


_el  ,  „inal  .  _  .  o 

Sfe  +  Sfc  +  Si  +  Se  » 


(Unci 


raprea'jr.tir.g  cont;rib--ior.3  fron  ilastlc  -ind  Intilastic  cl'tctrrjn-nfiucraL 
particlo  colLisior.s,  eleccron-ion,  and  Incer-eleccrbn  colll't Iona,  respec¬ 
tively.  (Vncl .) ' 

In  addition  for  our  problem  in  which  the  number  of  electrons 
is  not  conserved  the  effect  of  electron  creation  and  destruction  through 
ionization  and  reccr/oination  must  be  accounted  for  in  the  collision 
integral,  (fricl.) 

We  can  conclude  that  any. approach  starting  from  the  complete 
Boltzmann  equation  is  exceedingly  difficult.  Fortunately,  the  condi¬ 
tions  set  forth  in  our  problem  are  met  by  the  model  known  as  the  Lorentz 

3 

electron-molecule  gas.  This  model  assumes:  (Unci.) 

1.  The  motions  of  molecules  and  Ions  determine  the  mechanical 
bulk  properties  of  the  gas.  This  follows  from  the  mass  disparity  of  the 
electrons  and  ions-neutral  particles.  (Unci.) 

2.  The  motion  of  electrons  and  ions  determine  the  electrical 
properties.  In  addition,  the  electrons,  being  lighter,  are  more  mobile, 
and  in  many  cases  they  alone  determine  the  electrical  properties  of  the 
medium,  especially  in  Che  case  of  electrical  fields  of  rapid  time  varia¬ 
tion.  (Unci.) 

3.  The  gas  is  only  slightly  ionized  (n  ^  N).  We  can  neglect 
charged  particle  interactions.  The  independent  electron  model  of  a  gas 

is  obtained.  Each  of  these  electrons  circulates  independently  in  a  "se.a'* 
.of  neutral  molecules.  (Unci.)  - 


4.  Thenasa  ratio  (m/M  ^  l6"^-  10“^  la  nmall.  This  gives 
rise  to  the  observed  fact  that  In  a  pt-isma  heated  by  external  R?  power 
that  electron  temperature  may  be  sevcrat  orders  of  magnitude  10^  ) 

higher  than  the  neutral  particle  background.  This  comes  about  from  two 
effects.  The  electrons,  being  lighter^  are  more  easily  heated  by  the 
electromagnetic  beam.  Once  heated,  because  of  the  mass  disparity,  the 
energy  transfer  per  collision  (  m/M)  is  small.  Thus  the  plasma 
behaves  as  a  hot  electron  trap,  the  electrons  being  radiatively  heated 
but  denied  any  collisional  thermal  relaxation.  (Unci.) 

Although  logically  the  Boltzmann  approach  is  to  be  preferred, 

the  difficulties  in  evaluating  the  collision  integrals  on  the  right  side 

rule  this  out.  Frequently,  the  generalized  Ohm's  law  is  derived  from 

the  Boltzmann  equation  using  a  "dynamic  friction"  expression  on  the 

right.  This  rather  formidable  technique  yields  the  identical  answer 

4 

that  a  much  simpler  analysis  utilizing  the  Langevin  equation  does.  (Unci.) 

The  equation  of  motion  of  an  electron  driven  by  an  impressed 
alternating  E  field  and  colliding  randomly  with  neighboring  neutral  mole¬ 
cules  Is 

«  i  -  -e  E  e^*^^  +  n  A  (t)  , 

where  m  A(t)  Is  a  stochastic  force  caused  by  collisions  with  the  neu¬ 
tral  particles. 

Since  A  (t)  is  fluctuating  randomly,  it  cannot  be  specified  at  any  par¬ 
ticular  instant.  However,  certain  jtime  averages  are  known.  Thus  It  can 

(Unci.) 


be  shown  from  somentura  .ihd  energy  cbnserv-itldn  considerations  that 


A  =•  -  V  1  , 


and 


m  ^  ’A 


^^  3  k  (Te  -T)  , 
2 


where  V  is  the  collision  frequency, 

S  2m/M  is  the  fraction  of  electron  energy  trans¬ 

ferred  Co  a  neutral  particle  at  a  collision. 


and 


_3  k'Xe,  3  k*T  are  Che  kinetic  energies  of  Che  electron  and 
2  2 


neutral  particle,  respectively.  (Unci.) 


The  time-averaged  Langevln  equation  can  be  considered  as  Che 
first  velocity  moment  of  the  Boltzmann  equation  which  yields,  of  course, 
the  momentum  transfer  or  macroscopic  force  density  equation.  Thus 


m 


Vi  dv  +  m  I  vj  _f  Vi  dv 

6t  J  Xj 


EJ 


i  f  Vi  dv  ■ 
■ 


m  r^t\  Vi  dv  , 

JWcoU  ■ 


where  we  have  assumed  the  only  external  force  acting  on  Che  electron  is 
due  Co  the  ^-field  of  an  impressed  electromagnetic  wave.  Thus  we  will 
neglect  the  magnetic  field  of  Che  wave  since  ^  (y/c)Z  as  well  as 
any  induced  field  caused  by  the  reaction  of  the  medixim.  (Unci.) 


13 


Perforraln^j  the  integration  over  velocity  space  and  using  the 


continuity  equation,  we  find 


na  /  ^u<  +  u I  d  ut A 

vat  axj/ 


bSt  j  -n  e  Et  -nan/ ut  , 


where  Sj^j  is  the  pressure  tensor.  In  the  collision  tera  on  the  right 

side  ve  have  made  use  of  the  tiae  average  of  the  stochastic  force.  For 
an  Isotropic  distribution  S^j  »  ,  ve  can  write  the  equation  in 


vector  fora 


+  i  •  -  -Vpe  -neE  .  nmV  i 


*  (Unci .) 


If  ve  can  ignore  the  second  order  space  derivative  terms 
(^/b  *  0),  this  reduces  to  the  Langevin  equation 

a  +  mV  i.  -e  E  .  (Unci.) 

The  transient  response  (complementary  solution)  of  this 
equation  is  . 

i 

Thus  the  relaxation  time  of  the  electron  is  the  reciprocal  of  the  colli¬ 
sion  frequency.  This  indicates  that  it  takes  the  electron  only  one 
collision  to  theirmalize,  i.e.  to '"forget"  its  ordered  motion  and  to 
acquire  Che  kinetic  tempera Cure’T'g.  (Unci.) 


U 


The  steady  state  or  particular  solution  of  the  Langevin  equa¬ 
tion  which  Is  acquired  In  a  time  on  the  order  of  l/'Ji  Is 

1  -  -  e  e /m  . 

This  expression  yields  for  the  total  -.urrent 
J  »  -  n  e  5  , 

-  n  e^  E  (-  lU)  +  -vJ  ) 

-  [tci  (e  -Co)  +  cr]  I  • 

Thus  the  permittivity  and  conductivity  of  the  plasma  are  given  by 

^  -  I  -  Si _ ^  ±  , 

.  2  2 

with  tJp  =»  n  e  /  ms.  o  .  (Unci.) 

To  obtain  the  energy  or  heat  transfer  equation,  we  multiply 

% 

the  Langevin  equation  by  ^  and  average  over  time  using  the  second 
stochastic  relation.  Thus  we  find 

®  H  S  ^  *  1  +  “  "I  *  A  (t)  , 

.2  _ _ 

d  n  m  c  “  J*E  +  n  m  ^*A  , 

dt  2 

2  n  k  dTp  ■  O'  E  -  3nk(fTe”X)  •  (Unci .) 

2  d  t  2 
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This  equation  hais  the  simple  interpretatlori  that  the  energy 
absorbed  from  the  beam  (dhmlc  heating)  goes  into  raising  the  electron 
temperature  and  into  heating  by  collisions  the  neutral  particle  back¬ 
ground.  (Unci.) 

We  have  seen  earlier  that  the  electrons  acquire  their  high 
random  thermal  velocity  very  rapidly  (t  I/t^)*  This  electron  tem¬ 
perature  resulting  from  the  impressed  field  is  found  by  setting 
d*Te  /d  t  =»  0  ,  leading  to 


1  +  20*  E 


3nkT 


,  ,  2  ^2 
1  +  2  e  .  E 


3kT  m  5  (to  + 


where  we  have  used  the  constitutive  relation  derived  earlier  for  the 
conductivity  CT  .  The  form  of  this  equation  has  led  Ginzburg  and 
Gurevich^  to  define  a  characteristic  "plasma  field" 


)  . 


Obviously  for  E  Ep,  we  have 


(Unci.) 


For  large  impressed  fields  the  electron  temperature  can  be  a 

factor  of  10’’  -  10  larger  than  that  of  the  neutral  gas,  as  reported  in 

3 

gas  discharge  experiments.  (Unci.) 


Without  the  ispreaaed  electromagnetic  field,  ve  find 


Te  -T 

(TPf) 


-  S^lt 


t=0 


so  that  the  relaxation  time  of  the  elevated  electron  temperature  L* «  is 


t  (l/S-J  )  •  (Unci.) 

The  following  qualitative- picture  emerges  of  the  plasma-RF  inter¬ 
action.  Very  quickly  after  the  initial  irradiation  (t  !/■>)  )  the 
electrons  acquire  the  temperature 

T.-  T  iL  • 

A  much  longer  period,  t  (1/ SV  )»  required  to  transfer  the  energy 
of  the  heated  electrons  to  raise  the  background  temperature  of  the  mole¬ 
cules.  It  is  fortunate  that  such  a  time  disparity  exists.  It  enables 
us  to  treat  separately  the  heating  of  the  electron  gas  and  the  neutral 
particle  background. (Unci.) 

Thus  Che  effeoc  of  the  RF  power  is  to  heat  the  electrons  and, 
more  slowly,  the  neutral  gas.  If  this  were  all,  there  would  be  no 
dynamic  plasma  response  since  simple  heating  does  not  affect  the  elec¬ 
trical  properties  of  the  plasma.  These  depend  only  on  the  electron 
density  and  the  collision  frequency.  Although  the  latter  is  In  general 
a  func Clan  of  ‘temperature.  In  this  first  order  treatment  we  assume 

a  constant.  (Unci.) 
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Wu  began  Initially,  however,  with  a  thermally  ionized  plasma. 
Any  heating  will  Increase  the  degree  of  ionization  with  a  portion  of  the 
Impressed  energy  being  absorbed  in  the  ionization  process  (we  neglect" 
recombination).  Thus  we  can  write: 

impressed  energy  =  gas  heating  +  ionization  energy 
G'E^  =  (1  -f)  cr  +  f  Q*  , 

where  f  is  the  probability  of  an  ionizing  collision.  Figure  3  drawn 
6 

largely  from  Brown  displays  the  ionization  probability  for  a  number  of 
gases  where  f  =  Qi/Q,  the  ratio  of  the  ionization  cross-section  to  the 
total  collision  cross-section.  (Unci.) 


Equating  the  ionization  energy  terms  we  have,  at  last,  the 
fundamental  equation  expressing  the  space  and  time  dependence  of  the 
electron  density 


-  JAJX 

2 

^n  »  ^  O'  E  “  Eo  Vt  ® 

(Unci.) 

C.  Problem  Solution 


Making  use  of  the  approximate  relation  for  the  absorption 
coefficient 


"  2lt  :L  2.  I 

n^ 


derived  earlier,  the  equation  can  be  expressed  in  the  single  dependent 

(Unci.) 
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Figure  3.  Ionizing  Collision  Probability  vs.  Electron  Energy  (Uncl. 


variable  n.  Thus 


1  2Tt  JL  dj 

«o  7  X  ^  "c 


i.  Fo  ini  IL  ® 

6j.  7)^  "c 


(Unci .) 


By  taking  the  logarithn  followed  by  a  partial  differentiation 
with  respect  to  x,  we  transform  this  Integro-partial  differential  equa¬ 
tion  into  the  following  second  order  nonlinear  partial  differential 
equation 

-  1  lil  ^  2^  1  iL  ^  •  (Unci.) 

ndx^t  o  t 

• 

It  Is  perhaps  surprising  that  for  such  an  unprotclsing  equation 
we  shall  be  able  to  derive  the  general  solution  n  »  n  (x,  t)  in  closed 
form.  We  shall  find  that  this  solution  represents  an  initial  transient 
response  followed  by  a  plasma  shield  propagating  upstream  towards  the 
source  with  constant  velocity.  (Unci.) 

By  the  use  of  the  integrating  factor  n"^,  we  are  able  to 
Integrate  with  respect  to  time.  This  yields 

I  ^  ^  IL.  +  • 

n  t)  X  7  C*)  "c 


We  determine  g(x)  by  requiring  that  at  t  -  0, 


-  x/x. 


n(x,  0)  ■  nc  e 


(Unci .) 


'0 


This  particular  initial  distribut'ion  is  chosen  because  of  its  rnathe- 
niatical  convenience  and  great  flexibility.  For  example,  the  electron 
density  scale  length  is  simply  the  distance  Xg.  With  this  boundary 
condition  we  now  have  . 

-  x/xg 

i  ^  n  =•  2Tf  jLY—  ^  — 

n  dx  n  Ui  •  ’^e  (Unci.) 


This  equation  enables  us  to  determine  a  very  Important  quan¬ 
tity,  the  limiting  velocity  of  the  plasma  shield.  Returning  to  the 
original  Integro-dlfferential  equation,  we  can  now  evaluate  the  inte¬ 
gral  in  the  exponential  function  for  x  Xg.  Thus 


co 

n 

fnL 

^  dx  ■  1 

2SL2I  «  d/n 

A  ■  i«  ( 

J  n 

^  ng  J 

0 

X  ^  bn/'i  X  \n 

c) 

^  Xg  n  \ 


(Unci.) 

The  time  derivative  for  the  electron  density  is  therefore 


-  I _  ZTT  iL  iL  T  ^  "  N 

ht  6,  '?X  n.  ^  I?  Ui  \  I,/ 


(Unci.) 


The  velocity  of  the  electron  density  profile  for  large  x 
follows  from  the  relation 


cln/^x  ^ 


Ue  defer  discussion  of  this  important  shielding  velocity  until 

later.  Hare  we  merely  note  that  v  is  a  constant,  which  in  turn  implies 

(Unci.) 


^  ^-O  •>)  Xq  Fq  f  ^  Xg  I 

"c  u3  ^  ~ 

where  fV  Is  the  Ionization  collision  frequency.  (Unci.) 

Figures  4,  3  &  6  display  growth  of  the  plasma  shield  as  a 
function  of  space  and  time.  (Unci.) 

D.  Discussion  of  Results 

The  most  important  concept  emerging  from  this  treatment  is  the 
limiting  velocity  and  its  dependence  on  the  plasma  and  RF  parameters. 

It  appears  that  after  the  transient  response  is  washed  out,  a  limiting 
shield  velocity  emerges  which  is  specified  by  basic  plasma  properties. 
The  direct  dependence  on  the  collision  frequency  arises  from  the  fact 
that  only  in  collisions  is  energy  transferred  to  drive  the  sheath  out¬ 
ward.  The  smaller  the  e-£oldlng  length  x  ,  the  steeper  the  density 
profile  which  leads  to  deeper  deposition  and  hence  slower  velocity. 

(Unci.) 


Steady-State  Tine  Respoiiae  of  the  Electron  Density  of  an 


X/A  (XOiSTTO 


Figure  7.  Limiting  Shield  Profile  es  a  Function  of  Electron  Dens ity^Ed^TlT  Length 
and  of  the  Damping  Parameter. (Unci .) 
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3.  The  effect  of  the  type  of  initial  electron  density  distri¬ 
bution  on  the  lloltlng  velocity.  We  will  generalize  our  treatment  beyond 
the-  undisturbed  exponential  electron  profile.  (Unci.) 
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